Extracellular vesicle (EV)-mediated intercellular transfer of signaling proteins and nucleic acids has recently been implicated in the development of cancer and other pathological conditions; however, the mechanism of EV uptake and how this may be targeted remain as important questions. Here, we provide evidence that heparan sulfate (HS) proteoglycans (PGs; HSPGs) function as internalizing receptors of cancer cell-derived EVs with exosome-like characteristics. Internalized exosomes colocalized with cell-surface HSPGs of the syndecan and glypican type, and exosome uptake was specifically inhibited by free HS chains, whereas closely related chondroitin sulfate had no effect. By using several cell mutants, we provide genetic evidence of a receptor function of HSPG in exosome uptake, which was dependent on intact HS, specifically on the 2-O and N-sulfation groups. Further, enzymatic depletion of cell-surface HSPG or pharmacological inhibition of endogenous PG biosynthesis by xyloside significantly attenuated exosome uptake. We provide biochemical evidence that HSPGs are sorted to and associate with exosomes; however, exosomeassociated HSPGs appear to have no direct role in exosome internalization. On a functional level, exosome-induced ERK1/2 signaling activation was attenuated in PG-deficient mutant cells as well as in WT cells treated with xyloside. Importantly, exosome-mediated stimulation of cancer cell migration was significantly reduced in PG-deficient mutant cells, or by treatment of WT cells with heparin or xyloside. We conclude that cancer cell-derived exosomes use HSPGs for their internalization and functional activity, which significantly extends the emerging role of HSPGs as key receptors of macromolecular cargo.
endocytosis | tumor | glioma C ells are known to communicate via soluble ligands and through direct cell-cell and cell-matrix interactions. Recent data suggest an intriguing role of extracellular vesicles (EVs), including exosomes and microvesicles, in various physiological and pathophysiological processes through intercellular transfer of mRNA, miRNA, and signaling proteins (1) (2) (3) (4) (5) (6) (7) (8) . EVs have attracted considerable attention as studies implicate this new mode of intercellular communication in, e.g., immune system regulation, atherosclerosis, and tumor development. EVs have a size range of approximately 50 to 1000 nm, and are released from the cell surface as microvesicles, or, in the case of exosomes, through fusion of multivesicular bodies with the plasma membrane. Notably, EVs display the same surface topology as the plasma membrane, with extracellular domains of proteins at the surface, and enclosing cytosolic contents in their lumen (1) (2) (3) (4) (5) (6) (7) (8) (9) .
Given the suggested functional role of EVs in cancer and other pathophysiological processes, they emerge as potential targets of therapeutic intervention. The complex molecular architecture of EVs should motivate studies aimed at targeting general mechanisms of EV-dependent functional effects, i.e., EV formation and entry into recipient cells. Recent studies have implicated the small GTPase Rab27a and a syndecan-syntenin-ALIX-mediated pathway in exosome biogenesis and secretion (10) (11) (12) . Although the functional effects of EVs mostly rely on internalization and subsequent release of EV contents in recipient cells, the elucidation of EV uptake mechanisms and how these may be targeted remains an important challenge.
Heparan sulfate (HS) proteoglycans (PGs; HSPGs) are a family of proteins substituted with glycosaminoglycan (GAG) polysaccharides, which are extensively modified by sulfation, that largely determine their functional interactions (13) (14) (15) . In the context of the present study, it is of interest that various types of virus particles, peptide-nucleic acid complexes, and lipoproteins may use HSPGs for cell-surface adsorption and internalization (13, 16, 17) . Here, we have investigated the potential role of HSPG as a functional entry pathway of cancer cell-derived EVs.
Results
Exosomes Consume HSPG at the Cell Surface and Colocalize with HSPG in the Cytoplasm. We chose to study EVs from the wellcharacterized U-87 MG cell line established from a glioblastoma multiforme (GBM) patient tumor (18) . These cells produce significant amounts of EVs, as shown by EM and immunoblotting analysis for established markers of EVs (Fig. 1) . The size distribution (approximately 150 nm) and positive staining for CD63 and tissue factor (Fig. 1A) , the enrichment of the tetraspanins CD63 and CD81, and presence of RAB5 in isolated vesicles (Fig. 1B) Significance Exosome-mediated intercellular transfer of proteins and nucleic acids has attracted considerable attention as exosomes may promote the development of cancer and other pathological conditions; however, the mechanism of exosome uptake by target cells and how this may be inhibited remain as important questions. We provide evidence that heparan sulfate proteoglycans (HSPGs) function as receptors of cancer cell-derived exosomes. Importantly, our data indicate that the HSPGdependent uptake route is highly relevant for the biological activity of exosomes, and thus a potential target for inhibition of exosome-mediated tumor development. Given that several viruses have previously been shown to enter cells through HSPGs, our data implicate HSPG as a convergence point during cellular uptake of endogenous vesicles and virus particles.
indicate a vesicle population with exosome-like characteristics (1) (2) (3) (4) (5) (6) (7) (8) (9) . Moreover, the cis-Golgi marker GM130 and the cytoskeletal protein α-tubulin were depleted in vesicles compared with cells (Fig. 1B) . Exosomes are generally too small to be distinguished from cell debris and larger vesicles by direct flow cytometry analysis; however, flow cytometry demonstrated binding of isolated vesicles to anti-CD63 conjugated beads, whereas control beads conjugated with a control antibody were negative (Fig. S1A) . These results lend further support of the isolation of exosome-like EVs (hereafter referred to as exosomes). To study the uptake of isolated exosomes, we used a fluorescent dye (PKH) with long aliphatic tails that are incorporated into the lipid membrane of exosome vesicles. By using flow cytometry analysis, we found dose-dependent and saturable uptake of PKH-labeled exosomes (Fig. 1C ) that increased with incubation time (Fig. S1B) . Confocal microscopy and flow cytometry analyses supported the specificity of PKH-exosome uptake, which was efficiently inhibited by incubation at 4°C (Fig. S1C) , and the presence of excess, unlabeled exosomes (Fig. 1D) . Notably, the transfer of free PKH between membranes may limit the accuracy of exosome uptake experiments. To evaluate the redistribution of PKH between membranes, we performed analyses of premixed unlabeled and PKH-labeled exosomes. There was no apparent decrease of fluorescent signal in PKH-labeled exosomes and, accordingly, only a minor fraction (approximately 0.0025) of the fluorescence of PKH-labeled exosomes was transferred to unlabeled vesicles (Fig. S1D) . Further, nonspecific PKH transfer would not exhibit concentration dependent and saturable kinetics (Fig. 1C) , and cells treated with HSPG inhibitors (as described later) displayed down to approximately 10% remaining PKH fluorescence compared with untreated controls (see Fig. S3C ). Thus, the PKH signal of recipient cells is largely associated with the specific uptake of PKH-labeled exosomes, with only a minor contribution by free PKH transfer.
There are two major classes of cell surface HSPGs: the glypican family of glycosyl-phosphatidyl-inositol (GPI)-linked proteins and the syndecan family of transmembrane proteins (13, 19, 20) . We performed exosome uptake studies in cells transfected to express syndecan or glypican-GFP fusion protein. Internalized exosomes colocalized with syndecan-GFP-and glypican-GFP-positive vesicles (Fig. 1E) . HIV-Tat peptide enters cells through an HSPG-dependent pathway (21, 22) , and the anti-HS antibody AO4B08 recognizes the internalizing population of cell-surface HSPG (23) . Accordingly, incubation with HIV-Tat peptide consumed the AO4B08 HS epitope at the cell surface (Fig. 1F) . Interestingly, following exosome internalization, the AO4B08 HS epitope was reduced to a similar extent as with HIV-Tat peptide (Fig. 1F) . Moreover, treatment with the polyamine synthesis inhibitor α-difluoromethylornithine (DFMO), which has been shown to induce structural alterations of HS and to up-regulate HSPG-dependent uptake of HIV-Tat peptide (24, 25) , significantly increased cellular uptake of exosomes (Fig. 1G ). These results suggest that HIV-Tat peptide and exosomes may share a similar, HSPG-dependent entry pathway.
Exogenous HS Inhibits Exosome Uptake in a Dose-, Size-, and ChargeDependent Manner. To further study the interplay between exosomes and HSPG, we next performed exosome uptake experiments in the presence of heparin (an HS mimetic). Interestingly, heparin dose-dependently inhibited exosome uptake, and, at the highest concentration used (10 μg/mL), uptake was reduced by approximately 55% compared with untreated cells ( Fig. 2A , Left). This is further supported by confocal microscopy studies ( Fig. 2A, Right) . The closely related polysaccharide chondroitin sulfate (CS) showed no inhibition of exosome uptake (Fig. 2B) . Highly sulfated HS (HS-6) as well as less sulfated HS (HS-2) displayed significant inhibition of exosome uptake (Fig. 2C) . Again, two different preparations of CS, sulfated either at the C-4 (CS-4) or the C-6 (CS-6) position of the hexosamine, had no effect on exosome uptake (Fig. 2C) . Notably, HS-2 that exhibits almost 50% less charge density (total sulfate/hexosamine, approximately 0.56) compared with CS-4 and CS-6 (total sulfate/ hexosamine, 1.0) (26) significantly inhibited exosome uptake at 10 μg/mL, whereas CS-4 and CS-6 were inefficient even at Upper) or glypican-1-GFP (Gpc1-GFP; Lower) encoding plasmid were incubated with PKH-labeled exosomes (10 μg/mL) for 30 min, washed with 1 M NaCl, and analyzed by confocal microscopy. Merged images of the indicated areas show colocalization of exosomes and Sdc2-GFP and Gpc1-GFP, respectively. (Scale bar, 20 μm.) (F) GBM cells were untreated (Ctrl) or incubated with exosomes or HIV-Tat peptide, followed by extensive washing to remove remaining cell surface-bound ligand, followed by staining with anti-HS antibody and flow cytometry analysis. (G) GBM cells were grown in the absence (Ctrl) or presence of 5 mM DFMO. Cells were then incubated with PKH-labeled exosomes (40 μg/mL) for 1 h and analyzed for uptake by flow cytometry. Data shown represent the mean ± SD from three independent experiments, each performed in triplicate (C) or duplicate (D and G). (F) Data are presented as fold of untreated control cells, and are the mean ± SD from three independent experiments, each performed in triplicate (*P < 0.05).
100 μg/mL. These data indicate that exosome uptake through HS involves structural specificity of HS vs. CS. However, the observation that HS-6 (total sulfate/hexosamine, approximately 1.63) (26) is a more potent inhibitor compared with HS-2 ( Fig.  2C) suggested that exosome uptake inhibition by HS depends on its overall sulfation and negative charge. Accordingly, heparin devoid of N-sulfation, as well as completely desulfated heparin, failed to inhibit exosome uptake (Fig. 2D ). As shown in Fig. 2E , low molecular weight heparins (LMWHs) reduced exosome uptake in a dose-dependent manner, and their effects were similar to those of full-length heparin. However, smaller heparin oligosaccharides had no or very limited effects on exosome uptake (Fig. 2F) , indicating a size-dependent effect.
We found that the majority of isolated exosomes were strongly bound to heparin-agarose through electrostatic interactions; elution with 2 M NaCl was required to efficiently release exosomes from heparin (Fig. 2G) . The exosome-heparin interaction was largely dependent on the presence of Ca 2+ (Fig. 2 G and H) , and, accordingly, exosome uptake was significantly reduced in Ca 2+ -depleted compared with Ca 2+ -containing medium (Fig.  2I) . These results indicate that HS chains inhibit cellular uptake of exosomes in a dose-, size-, and charge density-dependent manner through competition with cell-surface HSPGs for exosome binding.
Exosome Uptake Depends on Intact HSPG Synthesis and HS Sulfation in Target Cells. To more directly investigate the role of HSPGs in exosome uptake, the next series of experiments were performed with WT (CHO-K1) and mutant (pgsA-745) CHO cells, deficient in xylosyl transferase (XYLT). PgsA cells express approximately 5% PG compared with WT cells (27) . The inhibitory activity of heparin on exosome uptake was not restricted to GBM cells, as a comparable, dose-dependent inhibition was found in WT CHO cells (Fig. 3A) . Interestingly, exosome uptake was substantially reduced in mutant, PG-deficient cells compared with WT cells (Fig. 3 B and C) . Over a wide range of exosome concentrations, uptake was approximately 2-to 2.5-fold greater in WT compared with PG-deficient cells (Fig. 3B) , which is in good agreement with 50% to 60% inhibition of exosome uptake by heparin (Fig.  3A) . PgsA cells are pan-PG deficient, i.e., they lack PGs of the HS as well as the CS type. To specifically investigate the role of HSPGs, we next performed experiments with CHO cell mutants lacking N-sulfation (pgsE) and 2-O-sulfation (pgsF), respectively (28, 29). Both mutants displayed significantly reduced exosome uptake compared with WT cells (Fig. 3D) , showing a specific role of sulfation in HSPG. Moreover, these studies indicate that the results with pgsA cells were not caused by secondary mutations unrelated to HSPG synthesis. In further support of a specific role of HSPGs, enzymatic depletion of cell-surface HSPG reduced exosome uptake by approximately 50%, whereas enzymatic digestion of CSPG rather increased exosome uptake compared with control cells (Fig. 3E) . To exclude that the HSPG dependence is restricted to exosomes from U-87 MG cells, we performed experiments with two additional, patient-derived tumor cell lines (U118 MG and LN18) that previously have been shown to produce exosomes (30) . In accordance with the U-87 MG data, heparin as well as LMWH efficiently inhibited uptake of exosomes from these cell lines (Fig. S2 A and C) . Moreover, pretreatment of recipient cells with HS lyase similarly inhibited uptake of exosomes from these cell lines (Fig. S2 B and D) . We conclude that our results are applicable to exosomes from several cell sources.
HSPGs Are Sorted to Exosomes but Exosome-Associated HSPGs Are
Not Involved in Uptake. We next studied the possible sorting of HSPGs to exosomes and, if so, their role in exosome uptake. To this end, we performed [ 35 S]sulfate metabolic labeling experiments, followed by anion exchange chromatography, and gel filtration analysis for the presence of intact PGs as well as GAG chains and oligosaccharides in cells and corresponding exosomes. As expected, cells contained intact PGs as well as free GAGs (Fig.  4A , black squares). Here we provide biochemical evidence that exosomes indeed carry intact PGs (Fig. 4A, red squares) ; however, exosomes appeared relatively depleted of GAGs. We next used an antibody (3G10) specifically recognizing HSPG core protein with a remaining HS stub following treatment with HS lyase (31) . Immunoblotting experiments demonstrated that glypican as well as syndecan HSPG core proteins are associated with exosomes (Fig. 4B) . Together with previous studies on HSPG core protein identification (23), we conclude that exosomes may contain several types of glypican and syndecan HSPGs. Importantly, exosome-associated HSPG appear not to be involved in cellular uptake, as enzymatic depletion of exosomal HSPG had no effect on their internalization (Fig. 4C) .
Functional Effects of Exosomes in Cancer Cells Depend on HSPGs. The aforementioned data provide biochemical and genetic evidence that HSPGs are required for intact exosome uptake; however, a residual 40% to 50% uptake activity remained in the presence of heparin (Fig. 2) and in HSPG-deficient mutant cells as well as in cells enzymatically depleted of cell-surface HSPG (Fig. 3 ) compared with the respective controls. Thus, we next investigated the relevance of the HSPG-dependent entry pathway for the functional activity of exosomes. GBM cell-derived exosomes dramatically stimulated the migration of GBM as well as CHO cells (Fig. 5 A-C) . Interestingly, heparin treatment and genetic HSPG deficiency efficiently attenuated exosome-dependent cell migration (Fig. 5 A and C) . Consistent with the inability of CS to inhibit exosome uptake (Fig. 2) , exosome-dependent stimulation of cell migration was unperturbed by CS treatment (Fig. 5B) . Further, we found that ERK1/2 phosphorylation in WT CHO cells was substantially increased (to almost sixfold) by exosomes, whereas HSPG-deficient cells were virtually unresponsive (Fig.  5D) . Treatment with the specific ERK1/2 inhibitor U0126 attenuated exosome-mediated cell migration, suggesting an important role of this MAPK in the functional activity of exosomes (Fig. S3A) . Although these data do not distinguish between ERK1/2 activation dependent on exosome cell-surface binding and/or uptake through a specific receptor-mediated process, they clearly indicate that HSPGs are functionally relevant for exosomemediated signaling activation.
To extend these studies, we next used xylosides, i.e., small hydrophobic compounds that compete with endogenous proteins for conjugation with GAGs, resulting in pharmacological inhibition of PG biosynthesis (24, 32) . Importantly, we could show that treatment with 4-nitrophenyl β-D-xylopyranoside (PNP-Xyl) resulted in approximately 50% inhibition of exosome uptake (Fig. 6A) . Xyloside-mediated inhibition of exosome uptake was associated with efficient inhibition of exosome-dependent cell migration (Fig. 6B ) and ERK1/2 cell signaling activation (Fig. 6  C and D) . These data further support the concept of an important functional role of HSPG in exosome-dependent cell activation, and indicate that small-molecule inhibitors of HSPG biosynthesis may attenuate exosome functional activity.
Discussion
Here, we provide evidence that HSPGs have an important role in exosome uptake. Importantly, we show that the HSPG-dependent uptake route is highly relevant for the biological response evoked by exosomes in target cells. The view of HSPG-mediated uptake of extracellular ligands was, for a long time, limited to initial HS binding followed by presentation to internalizing proteins, e.g., lipoprotein and virus receptors (13) . More recent studies have established that HSPGs cointernalize with extracellular ligands, a process that may involve a specific and ubiquitous HS epitope recognized by the AO4B08 anti-HS antibody (23, 33) . We show that exosome uptake depends on HS 2-O-sulfation and N-sulfation in recipient cells, which is consistent with the structural modifications of the AO4B08 epitope (34) . Moreover, by using exogenous HS, pan-PG-deficient cell mutants, pharmacological inhibitors of HSPG, and HS-degrading enzyme, we convincingly show that cell-surface HSPGs are required for efficient uptake of exosomes ( Fig. 6E shows a schematic summary) . The findings that exosomes down-regulate the presence of HSPG at the cell surface, and that internalized exosomes reside in common vesicular structures with syndecan and glypican, indicate that HSPGs act as true internalizing receptors of exosomes rather than cell-surface attachment sites.
Several studies have reported that virus biogenesis and release converge with EV pathways, suggesting an evolutionary conserved system of virus-EV codependence (35) (36) (37) (38) (39) . In fact, exosomes may be regarded as endogenous viruses as they have been shown to transfer various classes of nucleic acids (2) (3) (4) (5) (6) . It is thus of interest that several viruses, e.g., HIV, herpes simplex, and adenoassociated virus, have been shown to enter cells through HSPG (16, 40) . Our data suggest the intriguing possibility that HSPG represents a convergence point during cellular uptake of endogenous vesicles and viral intruders. We provide evidence of the sorting of HSPGs to exosomes, and it may be speculated that viruses become sequestered by exosome-associated HSPGs. Future studies should elucidate the potential role of exosomes as regulators of virus infectivity through the HSPG pathway.
Our finding that exosome uptake is not completely inhibited upon perturbation of HSPGs suggests the existence of additional, HSPG-independent modes of internalization. Importantly, our data indicate that the HSPG-dependent entry pathway is essential for the biological activity of exosomes. Clearly, these data do not exclude the possibility that exosomes may exert other functional effects through alternative uptake pathways. Likely candidates are other, polyanionic receptors, perhaps most importantly sialylated glycoproteins (41) . However, exosome uptake was reduced by only approximately 10% in sialic acid-deficient mutant compared with parental CHO cells (Fig. S3B) . Interestingly, cells pretreated with chlorate, i.e., a well-known inhibitor of the most common sulfo group donor, 3′-phosphoadenosine-5′-phosphosulfate for sulfotransferases (24) , exhibited reduced exosome uptake by approximately 90% compared with controls (Fig. S3C) . These results support the importance of other sulfated receptors, e.g., sulfated lipids, glycoproteins, and tyrosine sulfated proteins, in the recognition of positively charged ligands on exosomes.
The role of HSPGs in exosome uptake may be of relevance for the emerging concept of exosomes as therapeutic vehicles of RNA delivery (42) . The AO4B08 antibody recognizes HSPG and is taken up by multiple cell types from various origins (23, 33) , which is consistent with non-cell-specific uptake of GBM cell-derived exosomes. Thus, the identification of a cell-or tissue-specific HS for targeted delivery of therapeutic exosomes should be a great challenge. However, the specificity may be achieved at the level of exosomal cargo, e.g., an siRNA directed at a pathway essential for cancer cell survival while dispensable for normal cells. The utility of the HSPG pathway in exosome uptake could thus still prove critical for the future development of exosomes as drug delivery vehicles.
In summary, this study identifies a functionally relevant and potentially targetable entry pathway of cancer cell exosomes, and significantly extends the role of HSPG in the uptake of endogenous macromolecules.
Materials and Methods
Detailed descriptions of reagents, cell culture, enzymatic treatments, exosome isolation, EM, flow cytometry, confocal fluorescence microscopy, isolation and analysis of PGs, Western blot analysis, exosome heparin binding assay, and cell migration experiments are provided in SI Materials and Methods.
Exosome Isolation. Exosomes were isolated by centrifugation as described in SI Materials and Methods.
EM. Exosome samples were analyzed in a JEOL JEM 1230 electron microscope as described in SI Materials and Methods.
Exosome Uptake. Exosomes were labeled with a PKH Fluorescent labeling kit (Sigma) as recommended by the manufacturer, and uptake was analyzed by flow cytometry and confocal fluorescence microscopy as described in SI (E) Schematic summary of major findings of the present work; 1, Exogenous HS inhibits exosome uptake in a size and charge dependent manner; 2, Enzymatic depletion of cell-surface HSPGs inhibits exosome uptake; 3, Genetic deficiency in XYLT, which catalyzes the initial step in PG formation, or NDST, which catalyses HS N-deacetylation/sulfation, or 2-O-sulfotransferase (2-OST), which catalyses HS 2-O-sulfation, all result in reduced exosome uptake; 4, Xyloside, i.e., small-molecule inhibitors of PG biosynthesis, inhibit exosome uptake; 5, Exosome-mediated ERK1/2 activation and cell migration are HSPG-dependent: and 6, Our data indicate the existence of alternative, HSPG-independent modes of internalization; however, we provide evidence that the HSPG-dependent pathway is essential for the functional activity of exosomes.
Materials and Methods. In flow cytometry experiments, PKH-exosome uptake is expressed as arbitrary units, which represents mean cellular fluorescence subtracted by background signal caused by autofluorescence as quantified in cells not incubated with exosomes. Notably, incubation with unlabeled exosomes did not affect cellular autofluorescence (Fig. S4 ).
Isolation and Analysis of PGs. The 35 S-PGs and GAGs were analyzed in U-87 MG cells and corresponding exosomes by metabolic incorporation of [ 35 S] sulfate, followed by anion exchange and size exclusion chromatography as described in SI Materials and Methods.
Western Blot Analysis. Lysates of cells and exosomes were separated by SDS/PAGE, transferred to PVDF membranes, and incubated with antibodies as described in SI Materials and Methods.
Exosome Heparin Binding Assay. Heparin-agarose beads were incubated with PKH-labeled exosomes, washed with PBS solution, and eluted with NaCl to obtain nonbinding and binding fractions, respectively, for fluorescence analysis as described in SI Materials and Methods.
Statistical Analysis. Immunoblotting and imaging experiments were performed in duplicate or triplicate in at least three independent experiments. Results in flow cytometry, heparin agarose binding, and cell migration experiments are the mean ± SD from three independent experiments (n = 3), each performed in duplicate or triplicate, as indicated in the respective figure legend. In some cases, error bars were smaller than the drawn symbols. Statistical significance was evaluated with Student t test by using Microsoft Excel; a P value <0.05 was considered significant.
